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H I G H L I G H T S
• Offshore seaweed production for nutrient circular management is assessed.
• The impact of different management strategies on eutrophication is calculated.
• LCA of nutrient and biomass management strategies is developed.
• Seaweed bioextraction of nutrients is a key for circular resource management.
• Seaweed cultivation is an instrument to achieve national water quality goals.
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Introduction
Marine biomass accounts for over 50% of the primary production of global biomass (Carlsson et al., 2007) . Compared to terrestrial biomass, only a small fraction of this is used for production. Coastal ecosystems, which cover b 0.5% of the sea bed, capture 55% of world green (biological) carbon (Nellemann et al., 2009) .
This fundamental service is endangered by linear production systems characterized by one-way flow of nutrients, i.e. manmade emissions, from the lithosphere to the hydrosphere, resulting in excess nitrogen and phosphorus that give rise to eutrophication of natural marine and freshwater ecosystems. Manmade emissions are nutrients lost to marine water bodies from Danish land-based activities, e.g. NO 3 − from agriculture, NH 3 + from fish farming; here referred as "emission supply to seaweed cultivation". Green-engineered nutrient bioextraction, presented in this study as offshore seaweed production systems floating in open waters, may be used to mitigate continuing eutrophication of marine systems. Cultivation of seaweed in green-engineered open water systems, i.e. on an artificial substrate (ropes deployed in marine water), is isolated from natural habitats since it does not compete with the natural benthic community for the occupation of the sea bottom (Buschmann et al., 2014; Zhang et al., 2009) .
Such biobased production systems are a key for transforming linear production systems into circular systems. Engineered production of blue carbon is a circular nutrient management system using landbased emission as a resource for biobased production, thus contributing to restoration of biogeochemical balance. Offshore cultivation of seaweed is a relatively new technology in Europe (www.netalgae.eu), but is developing rapidly and attracting funding in northern European countries such as Denmark (e.g. www.MAB3.dk, www.submarinerproject.eu), the Netherlands, Ireland and Scotland (e.g. www. noordzeeboerderij.nl, www.enalgae.eu, www.atsea-project.eu, www. biomara.org) .
Conceiving emissions as a resource for seaweed cultivation, if successfully implemented, may be a key green-engineered system for future sustainable blue growth (COM, 2012; Quilliam et al., 2015) . Furthermore, seaweed production and utilization is compatible with the circular economy principle of transforming CCS into carbon capture and use (CCU) by biobased production systems. In this regard, it is important to evaluate the key factors making engineered seaweed cultivation systems sustainable with respect to restoration of marine environmental conditions supporting the conservation of natural ecosystem services (Nellemann et al., 2009) .
In this study we consider the most simple and immediate example of how seaweed can transform emissions into bioresources, establishing a circular flow through using harvested seaweed biomass as fertilizer. Loss of nutrients from the lithosphere to the hydrosphere is therefore reduced by returning them to soil. Denmark used cast seaweed as soil fertilizer and conditioner in the 19th century, a practice which has also been popular in other parts of the world, e.g. Spain and Ireland (Villares et al., 2007; Mouritsen, 2013) . Seaweed enhances soil quality by improving soil texture and water retention (Craigie, 2011) . It also enhances soil microbial biomass and soil respiration rate (Haslam and Hopkins, 1996) . The value of the world's seaweed industries producing agrochemicals (fertilizers and biostimulants) is estimated at about US$ 10 m (Craigie, 2011) .
The purpose of this paper is: 1) to evaluate the impact of seaweed production and utilization on aquatic eutrophication and 2) to assess to what extent it is possible to counterbalance yearly manmade emissions with a seaweed bioextraction system.
To meet the first aim we perform a Life Cycle Assessment (LCA) on the production and use of seaweed, considering Denmark as case study. For the second aim we compare the bioextraction potential of seaweed with yearly manmade emissions for three different time horizons, taking Denmark as case study.
Goal and scope
We performed comparative LCA of three scenarios for production and utilization of seaweed biomass. The goal of the LCA is to evaluate the impact of three different seaweed biomass management options on aquatic eutrophication ( Fig. 1 ): one scenario applies the bioresource management option, in which 1. macroalgae used as fertilizer (MaFe); the others use two existing disposal options: 2. landfilling and 3. incineration.
The MaFe scenario is a simple system for circular nutrient management to maintain ecosystem health and promote biobased production. Excess nitrogen and phosphorus from agriculture entering marine water bodies are bioextracted by seaweed growth. The seaweed-based fertilizer is then returned to the soil for crop production. Thus a quantity of mineral N and P fertilizer is substituted, reducing fossil resource depletion (Niero et al., 2014; Jensen et al., 2015) .
The choice of including incineration and landfilling scenarios is based on the fact that seaweed biomass composition varies during the year and from place to place Nielsen et al., 2016) . It is therefore possible that the concentration of heavy metals may exceed the limit allowed for return to the soil as regulated by the European Sludge Directive (Sludge Directive 86/278/EEC) or Statutory Order no. 1650 (Sludge order), e.g. Cd N 0.8 mg/kg dry matter (Seghetta et al., 2016a) . In such cases, incineration with energy recovery or landfill are the common management options, e.g. for beach-cast seaweed (Kaspersen et al., 2016; Fredenslund et al., 2010; Seghetta et al., 2014) .
The results are presented for a functional unit of 1 Mg dry weight (DW) of seaweed biomass produced per year.
The system boundaries are drawn to include all the inputs from cradle to cradle, i.e. seaweed cultivation, in the case of the biofertilizer production system 1 (MaFe), or to grave, in case of waste management systems 2 and 3 (Fig. 1) . Emissions to water from manmade activities, e.g. agriculture, are excluded from the system boundaries of the LCA. Only emissions related to production, processing and disposal of seaweed are included.
The calculation was performed using the software SimaPro 8.0.4 (PRé consultants, 2008) and the integrated inventory Ecoinvent v3.1 (Weidema et al., 2013) . The Life Cycle Inventory is described in detail in Section 3.
Life Cycle Inventory (LCI)
The Life Cycle Inventory for the system includes nutrient bioextraction during seaweed cultivation, during which element bioextraction occurs, transport for: 1. pretreatment for biofertilizer production and use; 2. landfilling; 3. incineration with energy production and associated emissions to air and water (Fig. 1) . The collected data is presented in Tables 1 and 2 .
Seaweed production
Information regarding seaweed cultivation and the design of the artificial growth substrate is based on a real site located in Limfjorden, Denmark, where Saccharina latissima is produced. The cultivation includes the seed line production phase, the deployment phase, maintenance during the growth phase, and harvest described in more detail in Tørring and Oddershede-Nielsen (2014) . In the first phase, kuralone ropes are seeded with Saccharina latissima spores and incubated in a cold room where nutrients and sterile water, at a constant temperature of 10°C, support their growth (Edwards and Watson, 2011) . In the second phase the seeded lines are looped on 8 mm diameter ropes and deployed in the sea in September. The growth phase continues until April, when the seaweed is harvested; this is one production Fig. 1 . Scheme of the three scenarios analyzed in the LCA. Scenario 1 is closed loop nutrient management for biofertilizer production MaFe, scenario 2 is the waste management option landfilling, and scenario 3 is Incineration with energy production. Seaweed cultivation and transport are common phases for all three scenarios. ⁎ For the present study, we derived average fate factors using national data on emission to surface waters from agricultural land, assuming that the receiving water is a freshwater system. Fate factors are derived in Section 4.1.2.
⁎⁎ The fate factor for marine waters is corrected for the retention factor in freshwater systems (see Section 4.1.1).
cycle. The data collected for the seaweed cultivation phase is from onsite measurement at a pilot cultivation site in Limfjorden, Denmark. The data relates to the growth season 2012/2013. Indirect emissions from the production of input materials for the individual steps of the seaweed production phase were weighted according to their lifetime with the aim of quantifying the environmental impact of one seaweed production cycle. The offshore cultivation system at the time of harvest is illustrated in Fig. 2 .
At the Limfjorden cultivation site, a small vessel is used to monitor growth, for maintenance and for harvest. However in this paper we assume optimized boat transport based on the Ecoinvent database v.3 (Weidema et al., 2013) . Boat transport distances are calculated using the software ArcGIS (ESRI, 2011) .
In order to represent Danish seaweed productivity we took an average value of 1.5 Mg DW per hectare, based on two existing seaweed cultivation sites in Denmark: 1) high productivity site: open marine water on the eastern coast of Jutland (Horsens fjord) and 2) low productivity site: closed fjord, Limfjorden.
The high productivity value is based on data provided by Hjarnø Havbrug A/S. The company has a contract to cultivate 100 ha with Saccharina latissima in Horsens fjord. At full operation, Hjarnø deploys 350-400 lines (total area 500 m * 2000 m; distance between lines 10 m; headline length 220 m). The area can host up to 88 km of headlines (HL) (220 m * 400 lines). Each HL carries a seeded line (SL) attached in festoons and measuring 1 km in length (total length SL 400 km = 400 lines/1 km lines) (Fig. 2) . The festoons hang down to a depth of about 3 m. Hjarnø Havbrug A/S reports a yearly optimum production of 12 kg wet weight (1.8 kg DW) of seaweed per m of HL. This means that each line can produce 2.6 Mg of seaweed fresh weight (0.4 Mg DW, 15% dry matter). In one hectare with up to 5 lines, a production of 13 Mg fresh weight (about 2 Mg DW) is expected.
The low productivity value is based on the pilot scale cultivation site in Limfjorden. Average productivity during the growth phase (November to April 2012) was 0.2 Mg DW of Saccharina latissima per seeded line (220 m HL and 1 km SL), corresponding to a productivity of 1 Mg DW/ ha.
Both locations cultivate the brown alga Saccharina latissima (Laminariales, Phaeophyceae) (Linnaeus) (Lane et al., 2006) . Biomass composition is based on average composition of Saccharina latissima harvested in Denmark: average nitrogen content 3.25% and phosphorus content 0.29% (Manns et al., 2014; Bruhn et al., 2015) . It has to be mentioned that seaweed present both seasonal and spatial variations in nutrient composition, as large as 8 times in case of N (i.e. 0.29-2.32% of DW) and 5 times in case of P (0.10-0.56% of DW) .
Transport of seaweed
The seaweed is transported by truck (capacity of 32 Mg). We considered a transport distance of 30 km, based on the average distance between the coastline and agricultural soil, incineration plants and landfills (DME, 2013).
Biofertilizer production and use
The seaweed is chopped and used directly as a biofertilizer which is spread on the soil instead of mineral fertilizers. According to the Danish guidelines for fertilization and harmony rules (DAFA, 2013) , biofertilizers such as manure have a lower fertilizing value than mineral fertilizers due to their lower bioavailability of N and P (Niero et al., 2014; Jensen et al., 2015) . Since there are no regulations or data about bioavailability of N and P in seaweed used as biofertilizer, we assumed the same fertilizing value as manure; i.e. 0.69 for N and 0.95 for P (Tambone et al., 2010; Jensen et al., 2015) . The indirect emissions avoided by substitution of production of (fossil) mineral fertilizer considered in the LCA are based on the market mix reported in Ecoinvent v3.1 (Weidema et al., 2013) . National measures of direct emissions to air during spreading and to water via leaching are provided in Table 1 ; fate factors are derived in Section 4.1.
Landfilling
To estimate the water and air emissions from seaweed disposed of in landfills we used the information contained in the Ecoinvent database (Weidema et al., 2013) . A well-managed municipal solid waste landfill was selected as model system based on state of the art technology with base seal, biogas and leachate collection systems, including treatment of leachate in a municipal wastewater treatment plant (Table A.1). Emissions to air of ammonia, dinitrogen monoxide, nitrogen oxides, phosphorus and cyanide originate from short-term two-step percolate treatment and incineration of the residual sludge. The short-term treatment contributes to emissions of ammonium, nitrate, nitrite, nitrogen and phosphate to rivers arising from short-term percolate treatment as well as incineration of the resulting sludge. Emissions of ammonium, nitrate, nitrite, nitrogen and phosphate also come from long-term leachate (N100 years) into groundwater from the landfill and indirectly via incineration of treated leachate sludge. We recalculated emissions of N-and Pcontaining substances for seaweed waste type in relation to the N and P content of municipal solid waste emissions of N-and P-containing substances and according to the above treatment processes. In the national emission inventory of GHG and long-distance pollution transport, as in the case of the selected model system, N emissions to air from waste disposed of in landfills are judged negligible and not included (DCE, 2015) . For the present study we used the emissions provided in the Ecoinvent database from short-term treatment of percolate and long-term leachate emissions to derive N and P losses associated with landfill disposal of 1 Mg DW of seaweed biomass (Table 1) .
Incineration
For the incineration scenario, we used the data for incineration of digester sludge based on a technology mix encountered in Switzerland, reported in the Ecoinvent v.3 inventory (Weidema et al., 2013) . According to this process, dewatering of sludge and treatment of the resulting liquid is included, in addition to air and water emissions from incineration, influenced by input of auxiliary material for flue gas cleaning. Digester sludge was chosen as representative of combustion emissions of seaweed biomass due to similar characteristics in terms of water content (95%), biogenic carbon (100%) and similarity of process, i.e. dewatering. We used the ratio of emissions for incinerated sludge N and P content to estimate the emissions from dewatering and incineration of seaweed biowaste (Table A. 2). Emissions of ammonium, nitrate and phosphate to water, i.e. river, arise from treatment of dewatering liquid at a wastewater treatment plant. Nitrogen emissions to the subcompartment "river" arise from the incineration process (Table A. 2). Emissions to groundwater arise from landfill disposal of slag and other combustion residues, i.e. from solidified fly ash and scrubber sludge.
Life Cycle Impact Assessment methods
Two different impact assessment methodologies consistent with the goal of the LCA were selected at midpoint: ReCiPe (V1.06) (Goedkoop et al., 2013) and CML-IA (baseline V3.03) (Guinée, 2002) , the first of which is recommended by Dong et al. (2013) since it has the most updated model for atmospheric fate and the most consistent framework to calculate characterization factor (CF).
Both methods have a spectrum of impact categories that represent environmental issues of concern. Through a characterization method, the model provides a category indicator which is a quantifiable representation of the impact category (ISO 14044:2006) . In order to assign a common unit to the output of the Life Cycle Impact Assessment, it is necessary apply one or more CF describing the causality chain, as detailed in Sections 4.1 to 4.2 (ISO 14044:2006) .
ReCiPe distinguishes between the impact of marine and freshwater eutrophication (Goedkoop et al., 2013) , measured in units of N and P equivalents, respectively, while CML (Guinée, 2002 ) has a single impact category called eutrophication measured in units of PO 4 3− . LCIA models quantify eutrophication of the aquatic environment by calculating nitrogen and phosphorus flows and effects within the system boundaries. The amount of excess nutrients in water contributing to eutrophication can be used as an indicator of the efficiency of a future circular nutrient management system compared to existing management options. This means that the scenario that contributes less to eutrophication has less waste/loss of nutrients and is a more efficient management system. The two LCIA methods selected are based on different characterization models and therefore give different results. In Sections 4.1 to 4.2, we describe the characterization models underlying ReCiPe and CLM impact categories and in Section 4.1.3, a fourth impact category indicator of P-limited marine eutrophication.
ReCiPe
The ReCiPe method includes two impact category indicators quantifying aquatic eutrophication: freshwater and marine eutrophication. The reasoning behind this differentiation is two-fold: the two systems have different assumed cause-effect relationships and different emission sources, fates and transport.
The impact category marine eutrophication (ME)
The impact category Marine Eutrophication (ME) considers N as the limiting factor for growth in marine systems (Howarth and Marino, 2006) and therefore a marginal increase in nitrogen concentration causes an increase in eutrophication proportional to direct and indirect emissions of nitrogen to marine water. The impact category ME is expressed in kg of nitrogen equivalents (kg N eq.), meaning that substances containing nitrogen, e.g. ammonia, are converted into nitrogen equivalents according to their stoichiometric composition. The transport of N via soil, air and freshwater systems is quantified by multiplying the N content of the molecule by a fate factor that quantifies transport across different environmental compartments, describing the fate of nitrogen from its source to its target system, in this case the marine system. Fate factors are provided in the ReCiPe report (Goedkoop et al., 2013) based on the CARMEN model (Cause effect Relation Model to support Environmental Negotiations) (Klepper et al., 1995) .
ReCiPe includes fate factors for the deposition of nitrogen-containing substances (ammonia, cyanide, nitrogen dioxide and nitrogen oxides) from air emissions for all management scenarios. For the MaFe scenario, soil infiltration and leaching to groundwater, respectively, as well as surface runoff to rivers from application of N-containing fertilizer to agricultural soils are also included. The midpoint impact category ME is calculated according to Eq. (1)
where NC i is the nitrogen content of substance i, m i is the mass of substance i, and FF i , j is the fate factor of substance i emitted to marine water from compartment j, i.e. soil and air.
Atmospheric deposition of nitrogen-containing compounds is included by means of a so-called fate factor, which at regional level is 0.11 for ammonia, 0 for cyanide, 0.13 for nitrogen dioxide and 0.13 for nitrogen oxides (Goedkoop et al., 2013) .
Nitrogen applied as fertilizer has a CF of 0.073 kg N eq./kg N, while application as manure has a CF of 0.079 kg N eq./kg N. The reason the latter is higher is due to a different mobility of N to air: 21% for manure and 7% for fertilizer application (Goedkoop et al., 2013) . ReCiPe fate factors for emissions from soil to the marine system due to application of mineral nitrogen fertilizers and manure were compared to fate factors based on national data.
Danish fate factors for N transport from soil to marine systems are calculated using the ratio of N application to agricultural soil and agricultural emissions to marine waters according to Eq. (2):
where FF A,MW is the fate factor for transport of N from agricultural soil A to marine water MW, Emi A,F are N emissions from the agricultural sector A to freshwater F, R A is the amount of N emitted by agriculture that is retained in freshwater systems, i.e. lakes and rivers, and Fert A is the amount of N fertilizer applied to agricultural soil A. Nitrogen emission from the agricultural sector to freshwater systems, i.e. Emi A,F , is reported in national water plans and is 45,395 Mg N (Table A. 3). The amount of N lost from agriculture, R A , retained in Danish freshwater systems is calculated as total retention multiplied by the ratio of N emission from agriculture to total N emission (Table A. 3) leading to an estimated value of 4728 Mg N for the fraction of total N retained in freshwater systems originating from agricultural fertilizer application.
Application of N decreased from 1992 to 2004 but was relatively stable from 2004 to 2013. Yearly total application of N to agricultural soil, i.e. Fert A , has been quantified as the amount of N fertilizer applied in 2012/2013, namely 440,000 Mg (Vinther and Olsen, 2014) . The resulting fate factor, FF A, MW , at national level is 0.092 which is similar to the characterization factor provided by ReCiPe, i.e. 0.073 for mineral fertilizers and 0.079 for manure.
The impact category freshwater eutrophication (FE)
As ME assumes N to be the limiting factor, the FE category assumes that P is the only limiting factor in freshwater (Schindler et al., 2008) , so only substances containing P contribute to FE. The impact category FE is therefore expressed in kg of phosphorus equivalent (kg P eq.). Phosphorous-containing substances emitted to freshwater systems are converted into kg P eq. by means of CFs. The CFs are a combination of the stoichiometric composition of the substance and the fate in the different compartments, and are calculated according to Eq. (3):
where PC i is the phosphorus content in substance i, m i is the mass of substance i, and FF i are the fate factors of substance i transported from soil (compartment j) to freshwater systems. For FE there are no CFs for deposition of particulate phosphorus from air to freshwater; i.e. the contribution from emission and deposition of phosphorus from incineration and landfill (Tables A.1 and  A. 2) is zero.
ReCiPe provides CFs for the contribution to FE from application of mineral fertilizers and manure to agricultural soils; the CFs are 0.053 kg P eq./kg P for fertilizers and 0.050 kg P eq./kg P for manure.
Fate factors for emissions from mineral P fertilizers and manure in soil to the freshwater system were compared to fate factors derived from national data. The transport of P from soil to freshwater systems is calculated using the ratio of P application to agricultural soil to P emissions to freshwater, according to Eq. (4):
where FF A,F is the fate factor for transport of P from agricultural soil A to freshwater F, Emi A,F are P emissions from agricultural soil A to freshwater F and Fert A is the amount of P fertilizer applied to soil by agricultural sector A. Phosphorus spread alternates between decreasing and stable periods, reaching a stable yearly quantity of P applied since 2010. We therefore used the amount of P fertilizer spread on agricultural soils in 2012-2013 as representative of the yearly amount of P applied to agricultural soil, Fert A , i.e. 50,000 Mg per year (Vinther and Olsen, 2014) .
Data on P emissions from agriculture to freshwater systems, Emi A,F , is not available as the sector is reported together with P emissions from natural background and scattered houses: total P emissions from "total land contributions" being 1301 Mg per year (Table A.4). Thus the resulting fate factor for transport of P from soil to freshwater systems of 0.026 is a conservative estimate, corresponding to loss of 2.6% of the P fertilizer applied to agricultural soil.
The characterization factor provided by ReCiPe for freshwater eutrophication is 0.053 for mineral fertilizers and 0.05 for manure (Goedkoop et al., 2013) . The lower value obtained for our case study compared to the CF value provided in ReCiPe may be explained by extreme downregulation of P application to Danish soils (Vinther and Olsen, 2014; Jensen et al., 2015) .
The impact category P-limited marine eutrophication (P-lim ME)
In some marine waters, especially where eutrophication has already reached critical levels, P is the limiting factor for the growth of organisms (Conley et al., 2009) . In order to capture the effect of seaweed as an instrument for circular phosphorus management in the LCIA, we therefore add a third category to ReCiPe called marine eutrophication.
Limfjorden water has a salinity between 19‰ and 34‰ (NA, 2013b), a range characterized as polyhaline (18 to b30‰) or euhaline (30 to b40‰), which exceeds the limit for freshwater (b 0.5‰) (Directive 2000/60/EC) and is characterized by P as the limiting factor for the growth of organisms .
Phosphorus limitation is also found in other areas, e.g. the Baltic Sea (Conley et al., 2002) , where reduction of both nitrogen and phosphorus in estuaries and coastal marine ecosystems is recommended to reduce eutrophication (Conley et al., 2009; Howarth and Marino, 2006) .
In the impact category P-lim ME, Eq. (2) is modified to include a fate factor quantifying the transport of P from freshwater to marine systems. In this case fertilizer application, Fert A , is 50,000 Mg P, while the emission from the agricultural sector, Emi A, F is approximated by "total land contributions", i.e. 1301 Mg P/year. The retention of agricultural P emissions in freshwater systems, R A , is estimated by multiplying the retention of total P emission by the ratio of "total Land contributions", i.e. 1301 Mg P, to total emissions to freshwater systems, i.e. 1984 Mg P. The resulting P emission from the agricultural sector to marine systems, Emi A,F -R A , is 1228 Mg P per year (Table A.4).
We obtained a FF A,F value of 0.025, meaning that 2.5% of phosphorus in soil is transferred to marine waters. The calculation is supported by the fact that a short lag phase in the eutrophication effect allows the flow of phosphorus from freshwater to marine waters without considerably affecting the amount of total P. As may be noted, b 6% of the P emission is retained in the freshwater system and therefore offshore seaweed cultivation does indeed result in biosorption of land-based P emissions, helping to lower eutrophication.
The impact category P-lim ME allows inclusion of bioextraction of P (lost via manmade emissions) by offshore cultivation of seaweed, in contrast to the FE impact category, because seaweed is not cultivated in freshwater systems.
The CLM
The eutrophication category of the CML\ \IA baseline V3.03 method converts nitrogen and phosphorus speciation into phosphate equivalents (PO 4 3− eq.) according to different CFs (Guinée, 2002) . The rationale behind the calculation of CFs is that eutrophication potentials (EPs) (Heijungs et al., 1992 ) reflect a substance's potential contribution to biomass formation. Eutrophication is a result of the mass of a substance and its eutrophication potential, according to Eq. (5):
where m i (kg) is the mass of substance i released to air, water or soil and EP i is the eutrophication potential of the substance and Eutrophication is expressed in kg PO 4 3-equivalents. The EPs are based on the world average chemical composition of aquatic organisms C 106 H 263 O 110 N 16 P (Stumm and Morgan, 1981) , i.e. 1 mol of P has the same eutrophication effect as 16 mol of N and 1 kg of P has the same effect as 7 kg of N. Thus the CF for eutrophication is weighted according to the world average optimal N/P ratio for growth, without any assumptions about the characteristics of the aqueous target system (Heijungs et al., 1992) . It also provides CF for the emission of organic material to water presented as BOD or COD, expressed as PO 4 3− equivalents (Dong et al., 2013) .
The aim of this approach is to obtain a general, worldwide indicator, independent of local differences, and therefore suitable for the description of eutrophication on a global scale (Heijungs et al., 1992) . The methodology does not differentiate between emissions to water via air or from fertilizers applied to soil. As such, an emission of 1 kg of N to air and soil would have the same impact on aqueous eutrophication as the emission of 1 kg of N to freshwater and marine systems; in other words, the fate factor for transport of N and P applied to soil to the aquatic systems is equal to 1.
Since the focus of our analysis is reduction of eutrophication by means of seaweed cultivation in marine waters, we modified the CML method, using FF for the transport of N and P from soil to marine waters according to Eq. (6):
where EP i is the eutrophication potential of substance i, m i is the mass of substance i released to air, water or soil and FF i is the fate factor of substance i emitted to marine water from compartment j, i.e. soil. The calculation of FF is described in Sections 4.1.1 and 4.1.3, and is 0.088 for nitrogen and 0.025 for phosphorus. The impact of the emissions to air inventoried in the MaFe, landfill and incineration management scenarios are calculated according to Eq. (5), i.e. excluding FF for deposition from air to water. Cyanide emissions do not have a characterization factor in this impact category and therefore do not contribute to impact category eutrophication calculated by the CLM method.
Life Cycle Impact Assessment -results and discussion
The results of LCIA performed on three seaweed management scenarios (Fig. 1) are shown in Table 3 and refer to the functional unit of 1 Mg DW of seaweed. A net negative result means that eutrophication impact is reduced compared to a situation without seaweed cultivation, harvest and management according to the options in Fig. 1 . The MaFe management scenario performed best for the impact category marine eutrophication (ReCiPe), eutrophication (CML) and P-limited marine eutrophication. For freshwater eutrophication (ReCiPe), management by incineration was the best option (Table 3) .
A more detailed picture of how individual processes contribute to the overall result is provided in Fig. 3 and explained in Sections 5.1 to 5.4.
Marine eutrophication -ReCiPe
All three seaweed management scenarios showed that seaweed production had a beneficial effect on marine eutrophication. Of the three, MaFe performed best with a net reduction of −32.29 kg N eq. (Table 3 and Fig. 3a) , followed by the incineration scenario with −29.24 kg N eq., and the landfilling scenario with a total of −3.05 kg N eq. (Table 3) .
The main process contributing to the reduction of eutrophication (negative values) for all three management scenarios was bioextraction of N (dark red bar, Fig. 3a) quantified as −32.45 kg N eq. which is the amount of nitrogen that the seaweed extracts from marine water during its growth.
The highest emission (positive value) occurred for the landfill scenario, where the total (direct and indirect) emission to water was almost 90% of the bioextracted N. Nitrogen emissions to water from the MaFe and the Incineration scenarios were comparable and 7-10% of that from landfill and associated percolate treatment processes (Table A.1). Nitrogen leaching from soil due to biofertilizer application and emission to water due to incineration were 2.1 kg N eq. and 2.9 kg N eq., respectively. Emissions from seaweed-based biofertilizer application were counterbalanced by a reduction in emissions due to substitution of mineral N fertilizers. A similar contribution to eutrophication reduction from substitution of fossil electricity production, i.e. Danish electricity mix, occurred in the Incineration scenario; the latter was evaluated as a reduction of − 0.08 compared to − 2.1 kg N eq. in the MaFe scenario. As a result, the net impact of the MaFe scenario was lower than that of the incineration scenario; i.e. the MaFe management scenario performs best. To increase the consistency of the LCIA results, we applied a national fate factor for loss of N to marine systems from fertilizer use on agricultural soil, corrected for retention in freshwater systems (Section 4.1.1). c The national fate factor for transfer of P from soil to freshwater was applied (see section 4.1.2) and seaweed bioextraction of P was excluded as seaweed cultivation is conducted in marine waters. d P-limied Marine eutrophication considers the eutrophication impact on P-limited marine waters, as in the case of Limfjorden. We use the available CFs for the eutrophication potential (Section 4.1.2, Eq. (3)) multiplied by the fate factors for transfer of N and P from soil to marine waters as provided in Section 4.1.3. e National fate factors are introduced into the modelling of aquatic eutrophication to adjust for the fate of N and P (see Eq. (6) in Section 4.2).
Freshwater eutrophication -ReCiPe
The results for freshwater eutrophication showed that only the incineration scenario has a net negative result, i.e. −0.08 kg P eq., and is therefore the only management scenario that contributes to reduction of eutrophication in P-limited freshwater systems (Fig. 3b, Table 3 ). The MaFe and Landfill management scenarios aggravated eutrophication, increasing excess phosphorous in freshwater systems by 0.13 kg P eq. and 0.14 kg P eq., respectively (Table 3) .
In the ReCiPe calculation of freshwater eutrophication, the bioextraction potential of seaweed has no beneficial impact as the cultivation occurs in marine waters (see Section 4.1). Actually, the cultivation process contributes with a positive value of 0.09 kg P eq. in all three management scenarios. P emissions from input materials used for production of plastic ropes, on which the seaweed grows (Fig. 2) , account for 92% of the eutrophication impact from the cultivation phase.
Phosphorus emissions to water were lower for the incineration than for the landfill scenario: 0.02 versus 0.04 kg P eq.
Phosphorus emission from soil to freshwater due to biofertilizer application has an impact of 0.07 kg P eq. which however is counterbalanced by emissions avoided by substitution of mineral P fertilizer production and use of 0.07 kg P eq. The contribution to freshwater eutrophication of the production phase of mineral P fertilizers is insignificant at 0.2% of the emissions originating from the use phase.
In the incineration management scenario, avoided impact due to substitution of type of energy production has a significant effect on the final result. This is caused by a reduction in P emissions from the mining of coal used in heating and power plants. Energy consumption for dewatering seaweed waste, i.e. water reduction phase, contributes with a positive value of 0.05 kg P eq. However, substitution of fossil fuelled energy production with energy from incineration of seaweed reduces eutrophication level by 0.26 kg P eq.
From the MaFe management scenario, we can see that the impact of biofertilizer application (Fig. 3b, orange bar) is balanced by substitution of mineral fertilizers. As mentioned in Section 3.3, the fertilizing value of seaweed biofertilizer is 95%; i.e. 1 kg of biofertilizer P substitutes 0.95 kg of mineral P. However, when the sum of indirect P emissions from the cultivation, chopping and spreading of biofertilizer is considered it exceeds the emissions avoided by substitution of mineral P fertilizer.
Lastly, it is important to emphasize that P emissions from cultivation and chopping come from the production of plastics used for the seaweed cultivation system, while part of the energy consumed to chop the algae is coal-based (the coal mining process). The same is true for energy consumed to treat percolate of the Landfill and incineration scenarios, respectively. In conclusion, substitution of indirect P emissions originating from the use of coal in the Danish energy system is the main reason why the Incineration scenario had the best performance, but freshwater eutrophication is not decreasing in Danish freshwater systems. Likewise, eutrophication from cultivation (green bars) is not impacting Danish freshwater systems, but rather local freshwater systems at the site of raw material production for construction of the artificial seaweed growth substrate. If we exclude indirect emissions, i.e. P emissions to freshwater systems in other parts of the world, we obtain net P emissions for the three management scenarios of 0.04 kg P eq. (MaFe and the Landfill management scenarios) and −0.08 kg P eq. (Landfill management scenario).
P-limited marine eutrophication -ReCiPe
The category P-limited marine eutrophication described in Section 4.1.3 shows that in this case all the scenarios have a negative impact, meaning an improvement compared to a situation without seaweed cultivation. Among the three management scenarios, incineration showed the best performance quantified as −2.99 kg P eq., followed by MaFe with −2.79 kg P eq. and landfilling with − 2.78 kg P eq. (Table 3 ). Bioextraction of P during seaweed growth is the main process that reduces the impact of eutrophication (Fig. 3c) . The inclusion of bioextraction significantly affects the result in all scenarios, reducing impacts by −2.91 kg P eq. For P-limited waters and P bioextraction in general, this process exceeds the emissions from all three management scenarios to an extent that makes loss of P from process emission b 5% in all scenarios.
In conclusion, the impact category P-limited ME highlights the importance of seaweed cultivation as an instrument for circular nutrient management.
Eutrophication CML
In the eutrophication impact category calculated according the CML method, we see a negative result for the three seaweed management scenarios, i.e. lower eutrophication is obtained with respect to a situation without offshore seaweed cultivation (Table 3 and Fig. 3d ). The best performing management scenario is the MaFe scenario, which Fig. 4 . The seven river basin districts considered in the short-term horizon. Figure 4a shows nitrogen bioextraction classified in five categories that range from 0 to 100% achievement of nitrogen reduction goals. Figure 4b shows phosphorus bioextraction classified in five categories that range from 0 to 100% of manmade emissions. The red dots indicate the sites of seaweed cultivation corresponding to the current distribution of offshore wind farms. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) has a net reduction quantified as − 16.58 kg PO 4 3 − eq. Significant emissions to water in the landfill scenario affect its final performance, making it the worst of the three. In this impact category, both nitrogen and phosphorus are accounted and converted into PO 4 3− eq., so it is possible to see the effect of bioextraction of N and P on eutrophication using this impact category indicator. Overall, bioextraction is the most significant process in all the management scenarios and has the potential to significantly reduce eutrophication in Danish waters through implementing offshore seaweed production. Concerning substituted products, the Danish electricity mix has an impact quantified as 0.9 kg PO 4 3− eq. while mineral fertilizer (production and use) decreases impact in the MaFe scenario by 1.5 kg PO 4 3 − eq. As mentioned above, the emissions occur at the site of coal mining and do not impact the local trophic status of Danish coastal waters.
Compared to ME and P-limited ME, the cultivation phase has a significant impact, quantified as 6.0 kg PO 4 3− eq. The impact is mainly affected by the manufacture of iron weights for the cultivation line. The different CF used in CML highlights another aspect of the cultivation phase compared to ReCiPe. Still, the emissions are not local, but contribute to eutrophication at the input site of material production. In general, seaweed cultivation has a beneficial effect on marine eutrophication in all three impact categories except FE, thanks to their ability to subtract excess nutrients from marine water. The results are significant at local scale, in this case Danish marine waters, since the most significant contribution directly affecting nutrient concentrations in marine waters is bioextraction of manmade emissions to water. The landfill option was the least effective with regard to nutrient loss, while incineration performed better than landfilling but worse than MaFe, due to substitution of mineral fertilizer. Lastly, the impact of Fig. 5 . The 21 river basin districts considered in the long-term horizon. Figure 5a shows nitrogen bioextraction classified in five categories that range from 0 to 100% achievement of nitrogen reduction goals. Figure 5b shows phosphorus bioextraction classified in five categories that range from 0 to 100% of manmade emissions. 1 The columns indicate: 1. the name of the current offshore wind farm, 2. the corresponding code of the river basin district, 3. water surface area occupied by seaweed cultivation and offshore wind farm, 4. manmade emissions of nitrogen, 5. manmade emissions of phosphorus, 6. seaweed production in Mg DW, 7. nitrogen bioextracted during seaweed growth, 8. phosphorus bioextraction, 9. nitrogen reduction goals in the river basin districts, 10. ratio of nitrogen bioextraction to manmade emissions, 11. ratio of the nitrogen bioextraction to nitrogen reduction goals, 12. ratio of phosphorus bioextraction to net emissions.
material production for the cultivation system is negligible compared to the direct beneficial effects of seaweed production and management.
Efficacy of seaweed as nutrient management tool
In order to understand to what extent it is possible to counterbalance yearly manmade emissions by seaweed bioextraction, we complemented LCA with a comparison between nutrient emission supply to Danish marine waters and the bioextraction potential of seaweed biomass as a function of: 1) local environmental parameters influencing growth (Seghetta et al., 2016c; Bruhn et al., 2016) ; 2) size of cultivation area.
A conceptual framework model for future coastal and marine nutrient management is now briefly described. Sustainable growth of future blue business, offshore seaweed production in the present case, is a function of the overall mass balance of the system that can be under three different conditions:
1. Nutrient emission supply N nutrients bioextracted In this case the nutrient supply exceeds seaweed capacity to absorb it and nutrient concentrations in the hydrosphere therefore increase in the long term;
Nutrient emission supply b nutrients bioextracted
In this case seaweed growth absorbs more nutrients than provided by human activities (manmade emissions) each year. In the long term, nutrient concentrations in the hydrosphere decline and water quality improves;
Nutrient emission supply = nutrients bioextracted
In this case there is a balance between nutrients bioextracted by seaweed and nutrients emitted by the lithosphere and human activities. The balance does not change nutrient concentrations in the water and water quality does not change.
The cultivation and harvest of blue biomass can be expected to improve the health of the aquatic system under condition 1 by mitigating eutrophication. However, for "blue" undertakings to be environmentally sustainable, they must not transform into the situation illustrated by condition 2, while optimum expansion of the business is represented by condition 3 where a "non-eutrophic" environment is preserved, the blue technology balancing nutrient emissions from land-based human activities.
Three time horizons are compared: the present, short-term and long-term. Present maximum cultivation of seaweed in Denmark consists of a 3 ha pilot-scale production site in Limfjorden and a 100 ha industrial-scale cultivation area in Horsens fjord. The productivity of the two sites is 100 and 200 Mg DW seaweed/km 2 , respectively, as described in Section 3.1.
The short-term horizon is based on the assumption that seaweed production will grow rapidly in the next 20 years (BIM, 2014; Skjermo et al., 2014; Christensen et al., 2013) . Short-term industrial-scale seaweed cultivation in Denmark is expected to develop as has offshore wind farming, which went from eleven 450 kW turbines in 1991 to a current installed power of 1.3 GW. In 24 years, the offshore wind farm industry has gradually occupied about 208 km 2 . We assume that in 20 years the same or an equivalent area could be used for seaweed cultivation. Integration of seaweed cultivation and offshore wind farming is technically possible but has to overcome social perception barriers (Reith et al., 2005 (Reith et al., , 2012 . Utilizing an average productivity of 1.5 Mg DW/ha we can potentially grow 31,249 Mg DW (208,329 Mg fresh weight (FW)) of seaweed. The long-term horizon assumes a development in offshore seaweed cultivation to cover 10% of marine surface area in 50 years; the figure of 10% comes from N' Yeurt et al. (2012) who report that a seaweed ocean forest covering 9% of the world's ocean surface could produce enough biomethane to meet current fossil fuel energy demand. . A river basin is the catchment area of all surface run-off, streams, rivers and lakes into the sea at a single river mouth, estuary or delta. Coastal water means surface water on the landward side of a line, every point of which is at a distance of one nautical mile on the seaward side from the nearest point of the baseline from which the breadth of territorial water is measured (Directive nr. 2000 /60/EF of 23 October 2000 . For the sake of simplicity, we call "river basin" the area of land included in a river basin district and "marine water body" the sum of coastal and marine water within 12 nautical miles of the coast included in a river basin district.
Reported monitoring data on emissions of total nitrogen and total phosphorus from river basins to marine water body were collected and reported in Tables A.1 and A.2. Nitrogen emissions have been grouped according to eight source categories: natural background, agriculture, waste water treatment plants (WWTP), rainwater, industries, scattered houses, fish farms and aquaculture. Phosphorus emissions have been grouped according to six source categories: open land contribution (this category groups together natural background, agriculture and scattered houses due to uncertainty in the allocation of emissions), waste water treatment plants, rainwater, industry, fish farms and aquaculture. For nitrogen and phosphorus, nutrient retention in freshwater systems (streams and lakes) is also included. We also calculated net emissions of nitrogen and phosphorus, i.e. manmade emissions of N (P) in marine water bodies as the sum of the eight source categories (six for phosphorus), subtracting retention and natural background. The retention of agricultural emissions of N varies in the different districts between 0.2% and 45.6%; retention of P from total land contributions varies between 0.2% and 24.7%.
The latest available data from 2013 reports was used (emissions monitored and reported in 2012; NA, 2013a-u). The dataset on the 21 river basin districts is the highest resolution input data available for quantifying the nutrient emission supply (Tables A.1, A.2) .
In some of the river basin districts, a clear geographical definition of the boundaries of the marine water body is missing from the NA (2013a-u) reports. Surface areas of the missing marine water bodies were addressed using online maps from the Danish Ministry of Environment (http://miljoegis.mim.dk/). When necessary, we aggregated subareas into a complete marine water body according to the information contained in the NA (2013a-u) reports. For sub-areas not included in the reports we applied a proximity criterion, i.e. the sub-area was aggregated with the adjacent group closest to the river basin. The resulting areas of the marine water bodies and river basins are shown in Table 4 .
The present
In the present situation, a total of 103 ha of marine water is occupied by seaweed cultivation. The first cultivation site is in Limfjorden and the second in Horsens Fjord. Considering the real productivity and cultivation size in Limfjorden (100 Mg DW/km 2 and 0.03 km 2 respectively) the bioextraction capacity is 0.1 Mg of nitrogen and 0.01 Mg of phosphorus. Compared to yearly manmade emissions to the water body, bioextraction is negligible at 0.001% and 0.003% for N and P, respectively (Tables A.1 and A.2) . Limfjorden is an extreme case of yearly nitrogen emission supply (load). It would be necessary to use 79% of the water surface area to counterbalance total yearly emission of N, and 33% in the case of P emissions. In this situation, seaweed cannot be the only solution for remediation of eutrophication, but can still be integrated with other strategies on land, such as wetland improvement (Hasler et al., 2012) . The cultivation site in Horsens Fjord seems to have more favourable environmental conditions for seaweed growth, resulting in a production of 200 Mg DW/km 2 . The cultivation site (1 km 2 ) currently bioextracts 1% of the yearly manmade nitrogen and 3% of the net phosphorus emission supply, respectively. To meet the nitrogen reduction goals for Horsens Fjord (Jacobsen, 2012) it is necessary to create 57 more cultivation sites of 1 km 2 (covering 12% of the total marine water body surface). For phosphorus, 36 km 2 would be sufficient, which is 8% of the total marine water body surface area.
The short-term horizon
The short-term horizon corresponds to the current location of 10 offshore wind farms (Fig. 4) situated in seven different marine water bodies, according to the description in Section 6.1. Overall, 14,953 Mg of N and 501 Mg of P from manmade activities are emitted per year in the selected area. Agriculture is the main source of N emissions to marine water bodies, followed by the natural background (Table A.1). Since the latter is the natural emission that would occur in a relatively undisturbed environment, it is not counted among total manmade emissions.
Concerning nitrogen, seaweed cultivations are not able to counterbalance 100% of manmade emissions. Total bioextraction is only 7% of emissions (ranging between 5% and 9% in cases of low and high productivity). River basin district no. 1.6 achieves the best performance with a bioextraction of 47% of manmade emissions and condition 2 described in Section 6. In the same district, it is also possible to reach the target for N reduction, i.e. 112 Mg N, by seaweed cultivation alone. A significant contribution is also obtained in districts nos. 2.6 and 1.10, where 78% and 23% of the N reduction goal is achieved, respectively (Table 5 and Fig. 4a ) (in cases of high productivity these could increase to 100% and 31%). In the other districts, the contribution is negligible because the cultivated areas are small (b3 km 2 ) ( Table 5) . Concerning phosphorus, seaweed can counterbalance manmade emissions in district no. 1.6, showing condition 1 described in Section 6. Seaweed has a significant positive impact on phosphorus bioextraction in district no. 2.6 (89% of emissions) and in district no. 1.10 (10% of emissions) (Table 5 and Fig. 4b ), which could increase up to 100% and 13% in cases of high productivity. Overall, total bioextracted P in Denmark reaches 91 Mg, which is 25% of total P emissions in the seven river basin districts considered.
As a preliminary conclusion we can say that nitrogen and phosphorus supply are not a constraint for the seaweed cultivation business. As we have already seen in the LCA assessment, bioextraction of P and N, subsequently used as fertilizer, can reduce the depletion of mineral fertilizers. Considering total bioextraction at national level and comparing it with mineral fertilizer sales, we see that production of 31,249 Mg DW of seaweed provides 1014 Mg of N and 91 Mg of P for agriculture. On the basis of nutrient bioavailability, they can displace 700 Mg of mineral N and 87 Mg of mineral P. This results in a decrease in N and P sales in Denmark (DAFA, 2012) of −0.4% and −0.8%, respectively. At national level, the short-term horizon does not provide enough biomass to affect the global market of mineral fertilizer.
The long-term horizon
The cultivation of seaweed in the 21 districts creates different mass balance conditions, as presented in Section 6. When the average production of 150 Mg DW/km 2 is considered, seven districts are in condition 2, i.e. bioextracted nutrients exceed total nutrient supply (Tables A.5 and A.6 ). All the other districts are in condition 1. However, considering the reduction goals set by the Danish environmental agency (Jacobsen, 2012) , seaweed proves to be an effective measure in 10 out of 21 districts (Fig. 5a ). The Danish government strongly regulates the aquaculture and fish farming sectors to reduce or compensate their emissions (Andersen et al., 2013; DEPA, 2014; HELCOM, 2007) . Here, seaweed shows potential for a positive contribution since the bioextraction capacity of nitrogen is greater than yearly emissions in 9 out of 11 districts (Table A.5) . When considering yearly phosphorus emissions in the 21 river basin districts, seaweed cultivation proved to have a better effect on nutrient balance. Phosphorus flows into marine water bodies mainly come from land (aggregated category of natural background, agriculture and scattered houses). The emission supply from this category alone is 69% of the total yearly net supply of phosphorus, which is 1.8 Gg (Table A.4) . When an average productivity of 150 Mg DW/km 2 is considered, 8 out of 21 districts are in condition 2, i.e. bioextracted nutrients exceed total nutrient supply (Table A.6). When considering only phosphorus emissions from fish farming and aquaculture, seaweed bioextraction is greater than inflow in 9 out of 11 districts (Table A.6).
In most Danish water basins, seaweed could be effectively contribute to the creation and maintenance of a nutrient balance that would significantly improve the quality of the aquatic environment, providing supportive conditions for conservation of natural marine ecosystems. Seaweed cultivation could be a stand-alone instrument in certain Danish river basin districts, while in others several alternative instruments may be considered in concert, for example mussel farming and differentiated regulation of fertilizer use by farmers according to retention aspects (Hasler et al., 2012) . At present, seaweed cultivation is not constrained by the nutrient supply from manmade activities and blue growth business is therefore not restrained. Cultivation technology is expected to improve and productivity to double, which corresponds to a reduction in cultivated marine area from 10 to 5%.
Conclusions
The first part of the study used LCA to quantify the impact of three seaweed biomass management scenarios. We proposed improving on the conventional aquatic eutrophication impact categories of ReCiPe and CML by including fate factors for a correct analysis of circular nutrient management. The use of seaweed biomass as fertilizer, i.e. the MaFe scenario, had the lowest environmental impact in terms of marine eutrophication (−32.29 kg N eq./Mg DW seaweed according to ReCiPe) and aquatic eutrophication (−16.58 kg PO 4 3− eq./Mg DW seaweed according to CML). However, the bioextractive capacity of seaweed influences all scenarios, which showed reduced impact on the above two categories. Freshwater eutrophication calculated in the conventional way showed that only the incineration scenario contributes to the reduction of impacts due to energy production, while the MaFe and landfill scenarios led to a worsening of environmental conditions. However, we discussed how to improve the freshwater eutrophication impact category to quantify the effect of seaweed in P-limited marine waters. In this way we were able to take into account the bioextractive capacity of seaweed and identify the circular management system (MaFe scenario) as the most promising of the three alternatives.
In the second part of the paper, the information obtained from LCA was completed by estimating the balance between manmade emissions and seaweed bioextraction. The balance showed that seaweed cultivation currently does not contribute significantly to the creation of circular nutrient management at national level. However, the estimated shortterm horizon is favourable for three Danish river basin districts, significantly supporting achievement of nitrogen reduction goals and balancing manmade emissions of phosphorus. However, on a national scale, seaweed used as fertilizer would not reduce nitrogen and phosphorus fertilizer imports by N0.4% and 0.8%, respectively.
In the long term, most Danish river basin districts would benefit from seaweed cultivation, which would effectively contribute to the creation and maintenance of nutrient balance for both nitrogen and phosphorus.
A study extending LCA to include a biorefinery step is underway. It addresses the potential for extraction of valuable components, such as energy carriers (methane and ethanol), while leaving the nutrients in the residues that can be used as fertilizer. Life Cycle Impact Assessment is extended to include the impact categories climate change and human toxicity, with the aim of assessing the environmental sustainability of future nutrient management systems for biobased production (Seghetta et al., 2016b) . The method can be used to assess the size of sustainable blue biomass production according to location-specific yearly amounts of emission supply worldwide and it could be useful for assessing the environmental sustainability of offshore seaweed production systems in countries such as China, South Korea, Japan and the Philippines, which are currently the largest producers of seaweed biomass. Table A. 2 Emissions from pretreatment and incineration of digested sludge (95% water) at a municipal incineration plant as reported in the Ecoinvent database (Weidema et al., 2013 a The net supply is the sum of yearly emissions from the six sources minus retention.
